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INTRODUCTION:

Prostate cancer cells frequently metastasize to bone. The bone-associated chemokines may play a
role in the chemoattraction of prostate cancer cells to bone. The interaction of bone associated
chemokines with the chemokine receptors on prostate cancer cells leads to the activation of signaling
pathways and subsequent expression of proteases including MMP-9. The literature suggests the
chemnokine, CXCI12 formerly known as SDF-la, and its cognate receptor CXCR4 are involved in
the metastasis of breast cancer cell to lymph node and lung(]), further several recent studies show the
existence these chemokine and chemokine receptor interactions in several types of cancers including,
prostate(2, 3), ovarian(4), melanoma(5), colon(6), pancreatic(7, 8) and glioblastoma (3, 9) tumors.
The purpose of current proposal is to demonstrate the presence of functional chemokine receptor;
CXCR4 in PC cells and clinical PC bone metastasis and to test the hypothesis that interaction of bone
associated CXCL12 with CXCR4 expressed on prostate cancer cells elicits intra cellular signaling
events leading to the MMP-9 gene expression. The experiments in the current proposal were
designed to provide link between the chemoattraction of cancer towards target environment mediated
by the CXCI,12 and CXCR4, and expression of proteases by activation of cell signaling pathways in
the bone target environment.

BODY

Bone cell-associated CXCL12 stimulates CXCR4-dependent migration of prostate cancer cells.
To study the role of stromal cell-associated soluble A
CXCL12 in inducing chemomigration of PC-3 cells, we 40 -
employed a transwell co-culture system where prostate "-o
cancer cells were cultured with either bone stromal cells Fit
or bone tissue conditioned mediuln. We showed that t
purified CXCIL12, bone stromal cells, and bone tissue ,,.
conditioned medium all stimulated chernomigration of '"1..

Ai t. 1 20PC-3 cells. Pretreatment with anti-CXCR4 antibody I:- A,,,(,,]) 20

inhibited PC-3 cell migration towards stromal cells in a "lO2

dose dependent fashion (Figure IA). Pre-treatment of
PC-3 cells with anti-CXCR4 antibody similarly inhibited -Oi

bone conditioned media-induced chemomigration (Figure
113). These data indicated that cancer cell migration in
bone co-cultures is dependent on CXCL12/CXCR4
signaling. Tn we!f

P C-3+ 
+ +CXCIl2-mediated PC-3 cell chcmoinvasion is A,,,,l ,,,: R4A hO,) 20

Ist type Ab(pd) 20
sensitive to P13-Kinase and MEK kinase inhibitors. Iso, -... .2
The P13 kinase and MAP kinase pathways have been Bone cr4 + +

shown to be activated by CXCL12/CXCR4 interaction Figure 1. Migration of PC-3 cells induced by
(2, 10, 11). Pretreatment of PC-3 cells with either bone is CXCR4-dependent. (A) PC-3 cell(Y294002 (P,3 kinase inhibitor) or U0126 (MEK migration was assessed in a transwell co-

culture assay with human fetal bone stromal
inhibitor) abrogated CXCL12-induced MMP-9 gene cells. PC-3 cells were seeded in upper chamber
expression (Annual Report 04). One of the biological and human fetal bone stromal cells were seeded
activities of cancer cell-derived MMPs are to facilitate in bottom well. After 16 hours of incubation,

the inserts were stained and number ofinvasion of the xtracellular matrix (12, 13). Using migrated PC3 cells was scored. (B) PC-3 cell
rnatrigel coated cell culture inserts, we showed that migration was assessed in a similar fashion
pharmacological inhibition of either the P13 kinase or using conditioned medium from human fetal
MAP kinase pathway abolished CXCL12-induced bone tissue as a chemo attractant. Experiments
chemoinvasion of PC-3 cells (Figure 2). LY294002 were performed in triplicate, and the data were

appeared to be more potent that U0126 in inhibiting analyzed using ANOVA. The tukey post-test

CXCI.12-induced MMP-9 gene (Annual Report 04) and was performed for pair-wise comparisons, and* represents p values <0.05



4Y2402( 00 +

Nil (20I1 ), + 1,0 ,1 -

300--.

0 200- _T.~

-?C 4 b(I0pon) -

LY 294002 (201iM)
U10120 (201L) +

CXCR4A (igl~in)+

Figure 2. CXClI,12-induced PC-3 cell
chemoinvasion is sensitive to 1P13-Kinase and MAP
kinase inhibition. PC-3 cell invasion assay using
matrigel-coated transwell culture inserts. CXCL12 '
was included in the bottom chamber as a
chemoattractant. LY294002 or U0126 was included .a t.withthecaner ell in he ppe chmbe as Figure 3. CXCL12 activates Akt kinase in PC-3 bone
with the cancer cells in the upper chamber as tumors. Immunohistochemical analysis of Aktl and pScr473
indicated. The data were analyzed using ANOVA, Akt in SCII)-human PC-3 bone tumors. No primary antibodies
and are presented as mean ± s.e. from triplicate were used in negative control for Aktl immunostaining and
experiments. Tukey post-test was used for pair-wise pAkt 5cr473 antibodies were preadsorbed with immunogenic
comparisons, and * reprcsents p values <0.05. epitope of pAkt Sr473 for 30 min and entire mixture were used in

protein expression as well as chemoinvasion the immunostaining for pAkt ser473. * Denotes osteoclasts

in prostate cancer cells. residing near trabecular bone.

CXCL12-induced Akt phosphorylation in PC-3 cells. Published results show that CXCL,12
activates Erk 1 and 2 (2), as well as Akt (11) in different prostate cancer cell lines (11). Here, we
found that CXCLI12 stimulation led to activation of Akt in PC-3 cells (Annual Report 04), and this
activation was sensitive to pretreatment of PC-3 cells with LY294002. These data suggested that Akt
phosphorylation was mediated via the P13 kinase pathway. Immunohistochemical analysis of SCID-
human PC-3 bone tumors demonstrated specific staining for both Aktl and pAktscr 473 in both cancer
cells and multinucleated ostcoclasts residing near bone trabeculae (Figure 3).

Aktl kinase activation is indispensable for CXCLI2 induced MMP-9 gene expression, release,
migration and invasion of PC-3 cells. Previous studies showed that the three known isoforms of Akt
were expressed in prostate cancer cells (14, 15). We used a sensitive real time PCR method to
quantify the relative abundance of the various Akt isoforms in our cells (Figure 4 A). We found that
the Aktl gene is the most abundant isoform expressed in all the cell lines tested. To further
understand the role CXCl,12-induced activation of the P13 kinase pathway in proMMP-9 secretion,
cell migration, and invasion, we employed siRNA methodology to knock down Aktl. Western blot
analysis of cells transiently transfcctcd with Aktl siRNA showed that Akt 1 protein expression was
specifically down regulated in PC-3 cells (Figure 4B). Furthermore, down regulation of the Aktl
isoform by siRNA diminished the overall levels of 473pSer-activated Akt (Figure 4C), suggesting that
CXC'L12 signaling involves the Aktl isoform in PC-3 cells. We then stimulated the Aktl siRNA-
transfected cells and control-transfectcd cell with CXCL12 and found that MMP-9 secretion was
inhibited only in the Aktl si-RNA transfcctcd cells (Figure 4D). Furthermore, Aktl siRNA
transfection specifically inhibited CXCL12-induced migration (Figure 4E) and invasion (Figure 4F).
Together, these data showed that Aktl signaling was unequivocally involved in CXCLI2-induced
MMP-9 secretion, migration, and invasion by PC-3 cells.
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1 -..- CXCLI2/CXCR4 interaction leads to activation

. .. H f ! . ... of the NF-icB response element. Recent studies
, -K - ,, showed that activated Akt transduces signals via the
.z' o-. cellular activation of NF-icB transcription factor (16,

17). Among the secreted MMPs, only MMP-9 has
an NF-fB transcription factor binding element in the
promoter sequence (18), and we previously showed

... that PC-3 cells are capable of responding to external
,,,stimuli by activating NF-icB transcription factor

_ _activity (19). Here we evaluated whether
CXCl,12/CXCR4 signaling can act via NF-icfB. We

........ l, transfected PC-3 cells with an NF-KB response

E F
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Figure 4. Aktl oncogene is essential for 2. .'2
CXCL12-induced MMP-9 gene expression, cell
migration and invasion. (A) Real time PCR was 0
used to assess gene expression of three isoforms of pTAI-Luc +

Akt in a panel of cultured cell lines. (13) pNF-iB-Luc + + +
CXCIA2 (200ng/ml) +

Immunoblot analysis demonstrating successful TNF-a (100ng/ml) +
knock down of Aktl expression using a siRNA Figure 5. CXCIA2 stimulates expression of the NF-
approach. (C) PC-3 cells transfected with either Figre 5. CX-3 si lts eression of thscrambled (scr) siRNA or Aktl siRNA were treated KB response element. PC-3 cells were transfected with
with CXCl12 for 15 mn Tl'otal cellular proteins empty luciferase vector, pTAL-Luc vector, or NF-i<B-
were immunobfott1dwitnti Total cellanti proteri, Luc vector. Transfected cells were treated with either
and anti 3-actin antibodies. (1)) PC-3 cells CXCL12 or TNF-a, and normalized luciferase activities

transfected with either scrambled siRNA or Aktl are shown. TNF-c treatment used as a positive control,
siRNA were treated with CXCL12 for 16 hours, which has shown to activate NF-KB transcription factor.

Conditioned media were subjected to gelatin The transfections were performed in triplicate, and the

zymography. (E) Migration and (F) invasion of PC- data were analyzed using the student t-test. Data are

3 cells transfected with either scrambled siRNA or expressed as mean + s.c. and * represents p values

Aktl siRNA and treated with 200ng/ml of <0.05.

CXCI12. Transfcctions were performed in element fused to a lucifcrase reporter construct.
triplicate for all the experiments, and data were
analyzed using ANOVA and * represents p values CXCL12 treatment of the transfccted cells lcd to
<0.05. luciferase expression demonstrating activation of the

NV'-KB response element (Figure 5). These data
suggest that CXCL12/CXCR4-mediated PI3K/Akt activation leads to expression of Nl'-KB
responsive genes.

KEY RESEARCH ACCOMPLISHMENTS

) Bone tissue associated CXCL12 stimulates CXCR4 dependent PC-3 cell chemomigration.
i CXCLI2 mediated chcmoinvasion of PC-3 cells is sensitive to both P13 kinase and MAP kinase

inhibitors.
) SCID-human PC-3 bone tumors express Akt protein and activated Akt protein. Tumor cells and

osteoclasts show immunoreactivity for both Akt and phosphorylated Akt protein.
> Akt 1 phosphorylation is indispensable for CXCL12 induced MMP-9 gene expression, secretion,

migration and invasion of PC-3 cells.
> CXCL12/CXCR4 interactions activates NF-KB response element in PC-3 cells.



REPORTABLE OUTCOMES

Abstract: Chinni, SR; Sivalogan S; Dong, 7; Trindade Filho, JC; Deng, X; Bonfil RD and Cher,
ML. CXCL12/CXCR4 signaling induces akt activation and mmp-9 expression in prostate cancer
cells. Eleventh Annual Scientific Retreat of Prostate Cancer Foundation, Lake Tahoc, Nevada,
October 21-24, 2004.

CONCLUSIONS

These results suggest that chemokine, CXCL12 and its cognate receptor CXCR4 arc expressed in
the cellular phenotypes of prostate cancer bone metastasis. Bone associated CXCL12 could act as a
chemoattractant for circulating Prostate Cancer cells. Biological activities of prostate cancer cell
associated CXCL,12/CXCR4 interactions include expression and secretion of MMP-9. CXCI,12
induced cell signaling pathways mediate chernoinvasion of cancer cells, and activated Akt 1 kinase
is indispensable for CXCL12 mediated cellular migration and invasion of prostate cancer cells. This
data suggests that chcmoattractive mechanisms may involve migration of cancer cells towards bone
tissue, and that cell signaling induced by binding of the chemokine to its receptor leads to the
activation of multiple signaling pathways and subsequent release of MMPs into the local
environment. These findings may provide a link between chemoattractive mechanisms, growth of
tumor cells in bone, and tumor-enhanced bone matrix turnover.

7



REFERENCES

1. Muller, A., Homey, B., Soto, H., Ge, N., Catron, D., Buchanan, M. F., McClanahan, T., Murphy, E.,
Yuan, W., Wagner, S. N., Barrera, J. L., Mohar, A., Verastegui, F., and Ziotnik, A. Involvement of
chemnokine receptors in breast cancer metastasis. Nature, 410.: 50-56, 2001.

2. Taichman, R. S., Cooper, C., Keller, E. T., Pienta, K. J., Taichman, N. S., and McCauley, L. K. Use of
the stromal cell-derived factor-1/CXCR4 pathway in prostate cancer metastasis to bone. Cancer
Research, 62: 1832-1837, 2002.

3. Rubin, J. B., Kung, A. L., Klein, R. S., Chan, J. A., Sun, Y., Schmidt, K., Kieran, M. W., Luster, A. D.,
and Segal, R. A. A small-mnolecule antagonist of CXCR4 inhibits intracranial growth of primary brain
tumors. Proc Natl Acad Sci U S A, 100: 13513-13518, 2003.

4. Scotton, C. J., Wilson, J. L., Scott, K., Stamp, G., Wilbanks, G. D., Fricker, S., Bridger, G., and
Balkwill, F. R. Multiple actions of the chemokine CXCL12 on epithelial tumor cells in human ovarian
cancer. Cancer Res, 62: 5930-5938, 2002.

5. Murakami, T., Maki, W., Cardones, A. R., Fang, H., Tun Kyi, A., Nestle, F. 0., and Hwang, S. T.
Expression of CXC chemokine receptor-4 enhances the pulmonary metastatic potential of murine B I 6
melanoma cells. Cancer Res, 62.: 7328-7334, 2002.

6. Zeelenberg, 1. S., Ruuls-Van Stalle, L., and Roos, E. The chemokine receptor CXCR4 is required for
outgrowth of colon carcinoma micrometastases. Cancer Res, 63: 3833-3839, 2003.

7. Koshiba, T., Hosotani, R., Miyamoto, Y., Ida, J., Tsuji, S., Nakajima, S., Kawaguchi, M., Kobayashi,
H., Doi, R., Hori, T., Fujii, N., and Imamura, M. Expression ofstromal cell-derived factor 1 and CXCR4
ligand receptor system in pancreatic cancer: a possible role for tumor progression. Clin Cancer Res, 6:
3530-3535, 2000.

8. Mori, '., Doi, R., Koizumi, M., Toyoda, E., Ito, D., Kami, K., Masui, T., Fujimoto, K., Tamamura, II.,
Hiramatsu, K., Fujii, N., and Irnamura, M. CXCR4 antagonist inhibits stromal cell-derived factor 1-
induced migration and invasion of human pancreatic cancer. Mol Cancer Ther, 3: 29-37, 2004.

9. Barbero, S., Bonavia, R., Bajetto, A., Porcile, C., Pirani, P., Ravetti, J. L., Zona, G. L., Spaziante, R.,
Florio, T., and Schettini, G. Stromal cell-derived factor lalpha stimulates human glioblastoma cell
growth through the activation of both extracellular signal-regulated kinases 1/2 and Akt. Cancer Res, 63.:
1969-1974, 2003.

10. Fernandis, A. Z., Prasad, A., Band, H., Klosel, R., and Ganju, R. K. Regulation of CXCR4-mediated
chemotaxis and chemoinvasion of breast cancer cells. Oncogene, 23: 157-167, 2004.

11. Shulby, S. A., Dolloff, N. G., Stearns, M. E., Meucci, 0., and Fatatis, A. CX3CRl-fractalkine
expression regulates cellular mechanisms involved in adhesion, migration, and survival of human
prostate cancer cells. Cancer Res, 64.' 4693-4698, 2004.

12. Bonfil, R. D., Osenkowski, P., Fridman, R., and Cher, M. L. Matrix metalloproteinaes and bone
metastasis. Cancer ''reat Res, 118: 173-195, 2004.

13. Sternlicht, M. D. and Werb, Z. How matrix metalloproteinases regulate cell behavior. Annu Rev Cell
Dev Biol, 17: 463-516, 2001.

14. Nakatani, K., Thompson, D. A., Barthel, A., Sakaue, H., Liu, W., Weigel, R. J., and Roth, R. A. Up-
regulation of Akt3 in estrogen receptor-deficient breast cancers and androgen-independent prostate
cancer lines. J Biol Chem, 274.: 21528-21532, 1999.

15. Zinda, M. J., Johnson, M. A., Paul, J. D., Horn, C., Konicek, B. W., Lu, Z. i1., Sandusky, G., Thomas, J.
E., Neubauer, B. L., Lai, M. T., and Graff, J. R. AKT-1, -2, and -3 are expressed in both normal and
tumor tissues of the lung, breast, prostate, and colon. Clin Cancer Res, 7: 2475-2479, 2001.

16. Gustin, J. A., Ozes, 0. N., Akca, H., Pincheira, R., Mayo, L. D., TA, Q., Guzrnan, J. R., Korgaonkar, C.
K., and Donner, D. B. Cell type-specific expression of the IkappaB kinases determines the significance
of phosphatidylinositol 3-kinase/Akt signaling to NF-kappa B activation. J Biol Chem, 279.: 1615-1620,
2004. 8



17. Li, Y., Chinni, S. R., and Sarkar, F. H. Selective growth regulatory and pro-apoptotic effects of DIM is
mediated by AKT and NF-kappaB pathways in prostate cancer cells. Front Biosci, 10: 236-243, 2005.

18. Westermarck, J. and Kahari, V. M. Regulation of matrix metalloproteinase expression in tumor
invasion. Faseb J, 13: 781-792., 1999.

19. Chinni, S. R., Li, Y., Upadhyay, S., Koppolu, P. K., and Sarkar, F. II. Indole-3-carbinol (13C) induced
cell growth inhibition, GI cell cycle arrest and apoptosis in prostate cancer cells. Oncogene, 20: 2927-
2936, 2001.

9



APPENDICES

Appendix I

CXCLI2/CXCR4 SIGNALING INDUCES AKT ACTIVATION AND MMP-9 EXPRESSION
IN PROSTATE CANCER CELIS

Sreenivasa R. Chinni, Sivasakthy Sivalogan, Zhong Dong, J. Carlos Trindade Filho, R. Daniel
Bonfil and Michael L. Cher.

Departments of Urology and Pathology
Wayne State University and The Barbara Ann Karmnanos Cancer Institute

Chemokines and chernokine receptor interactions facilitate the physiological migration of cells.
ilematopoictic cells home to bone by means of chemo-attraction to marrow chemokines.
Interaction of chcmokincs with their receptors leads to the expression/activation of adhesion
molecules and proteases. Recent evidence suggests that a similar mechanisrn may be active in
cancer metastasis: expression of the chemokine CXCI,12 and its receptor CXCR4 has been
documented in several epithelial tumors. We previously showed that broad-spectrum inhibition
of matrix metalloprotease (MMP) activity diminishes bone matrix turnover and proliferation of
prostate cancer (PC) cells in bone. Using specific tissue-bascd enzymatic activity assays, we
recently demonstrated an increase in net MMP-9 activity, but not MMP-2 or MTI -MMP activity,
in bone tissues colonized by cancer cells in vivo. The MMP-9 protein immunolocalized to
prostate cancer cells and osteoclasts. Herein, we hypothesize that CXCI,12 and CXCR4
interactions facilitates the metastasis of prostate cancer cells by activating intracellular signaling
pathways leading to the expression and release of MMP-9. Using a variety of methods including
RT-PCR, ELISA, gelatin zymography, cellular motility and invasion and subcellular
fractionation of prostate cancer cells, we showed that (a) CXCR4 was expressed on prostate
cancer cells and experimental scid-human PC-3 bone turnors and CXCL12 was expressed on
stromal cells of bone and lung and to a lesser extent in PC-3 cells; (b) CXCL12 induced MMP-9
gene expression and secretion in prostate cancer cells; (c) bone stromal cells and bone tissue
conditioned media induced the migration of PC-3 cells in a CXCR4 dependent manner; (d)
pharmacological inhibition of P13 kinase and MAP kinase pathways abrogated the CXCIL12
induced MMP-9 gene expression and release, and invasion of PC-3 cells; (e) CXCI,12 induced
AktI phosphorylation and Aktl siRNA transfections abrogated the CXCL12 induced Akt
phosphorylation, proMMP-9 secretion, migration and invasion of PC-3 cells; (f) CXCR4 was
localized to lipid rafts in prostate cancer cells and CXCL12 induced IIER2 phosphorylation in
PC-3 cells; (g) kinetics of CXCI,12 induced HER2 and Akt phosphorylation showed that
CXCL1 2 induced HER2 phosphorylation preceded Akt phosphorylation in PC-3 cells. This data
suggests that chemoattractive mechanisms may involve migration of cancer cells towards bone
tissue, and that cell signaling induced by binding of the chemokine to its receptor leads to the
activation of multiple signaling pathways and subsequent release of MMPs into the local
environment. These findings may provide a link between chemoattractive mechanisms, growth
of tumor cells in bone, and tumor-enhanced bone matrix turnover.
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